In Brief Zhang et al. develop an effective subcellular microdomain-specific targeted delivery method and demonstrate that homologous proteins (e.g., Ras and Rap) confine their signaling within distinct subcellular microdomains to achieve signal transduction diversity and specificity.
INTRODUCTION
Different forms of synaptic plasticity, including long-term potentiation (LTP), depotentiation, and long-term depression (LTD), control synaptic transmission and contribute to higher brain functions such as learning and memory, but how the multiple forms of synaptic plasticity are independently regulated at individual synapses remains unclear (Henley and Wilkinson, 2016; Huganir and Nicoll, 2013; Nishiyama and Yasuda, 2015; Roth et al., 2017) . Previous studies have identified Ras-family small GTPases (i.e., Ras, Rap2, and Rap1) as molecular switches of multiple signal transduction cascades that control synaptic plasticity and linked genetic defects of molecules in the signal transduction cascades to a large number of mental, neurological, and psychiatric disorders (Costa and Silva, 2003; Stornetta and Zhu, 2011; Volk et al., 2015) . In particular, Ras initiates phosphatidylinositol 3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) signaling to drive synaptic delivery of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-sensitive glutamate receptors (AMPA-Rs) containing subunits with long cytoplasmic termini (e.g., GluA1-and GluA2L-containing AMPA-Rs) during LTP (Kielland et al., 2009; Kim et al., 2005; Man et al., 2003; Qin et al., 2005; Zhu et al., 2002) , and Rap2 activates c-Jun N-terminal kinase (JNK) signaling to induce synaptic removal of AMPA-Rs containing subunits with long cytoplasmic termini during depotentiation (Kielland et al., 2009; Yang et al., 2011; Zhu et al., 2005) , whereas Rap1 stimulates p38 mitogen-activated protein kinase (p38MAPK) signaling to trigger synaptic removal of AMPA-Rs containing only subunits with short cytoplasmic termini (i.e., GluA2/3 AMPA-Rs) during LTD (Hsieh (legend continued on next page) Kielland et al., 2009; Nabavi et al., 2013; Zhu et al., 2002) . However, Ras and Rap proteins, which share a high degree of sequence and structure homology, can be activated by the same signals and/or stimulate the same effectors; these signals and effectors introduce abundant opportunities for cross-talk (Bos et al., 2001; Reuther and Der, 2000) . It is thus perplexing how Ras and Rap proteins may independently regulate different forms of synaptic plasticity at the same synapses.
As a general biology phenomenon, homologous signaling molecules may initiate an astonishing number of complex cellular responses to diverse environmental stimuli (Gloerich and Bos, 2011; Simanshu et al., 2017) . Although the mechanism underlying this intriguing phenomenon remains elusive, the prevailing hypothesis favors the idea that signaling molecules achieve signal diversity and specificity via selective participation in different signaling platforms confined in distinct subcellular microdomains (Ahearn et al., 2011; Rocks et al., 2006; Zhou and Hancock, 2015) . Indeed, custom-recombined signaling platforms can create diversified synthetic signaling pathways (Chau et al., 2012; Peisajovich et al., 2010) , and trafficking and localization of signaling molecules, including members in Ras-family small GTPases, are precisely regulated (Casar et al., 2009; Mochizuki et al., 2001; Prior et al., 2003; Zhou et al., 2017) . The remaining question is whether microdomain-confined signaling cascades do exist and mediate diverse specific signaling responses under physiological conditions. In this study, we systematically investigated synaptic signaling of three general members of Ras-family small GTPases: Ras, Rap2, and Rap1. Adapting a subcellular microdomain-targeting strategy, we successfully performed targeted expression of Ras and Rap mutants in the five major subcellular microdomains, including the endoplasmic reticulum, lipid rafts, the bulk membrane, lysosomes, and the Golgi complex. Using this approach, we examined endogenous Ras, Rap2, and Rap1 signaling in these microdomains in both in vitro and in vivo preparations. We found that endogenous Ras preferentially signaled synaptic potentiation via the endoplasmic reticulum PI3K and lipid raft ERK pathways, whereas endogenous Rap2 and Rap1 predominantly signaled synaptic depression via the bulk membrane JNK and lysosome p38MAPK pathways, respectively. These results provide the first evidence indicating that, under physiological conditions, homologous Ras and Rap proteins use distinct subcellular microdomains to create multiple specific signaling responses to regulate different forms of synaptic plasticity.
RESULTS

Microdomain-Specific Sequences Achieve Targeted Delivery
To study how Ras-family small GTPases may signal synaptic transmission at synapses, we fused specific membrane-targeting signal sequences, including M1, LCK, CD8, LAMP1, and KDEL receptor (KDELr) (STAR Methods), to Ras and Rap to selectively deliver these signaling molecules into the endoplasmic reticulum, lipid rafts, the bulk membrane, lysosomes, and the Golgi complex, respectively. To verify the delivery specificity, we fused yellow fluorescent protein (YFP) to C termini of various microdomain-targeting Ras constructs and expressed them in cultured rat hippocampal neurons ( Figure 1A ). M1-, LCK-, CD8-, LAMP1-, and KDELr-Ras-YFP appeared in the expected subcellular domains, as revealed by co-immunostaining of the specific domain markers ( Figure 1B ). To independently confirm these findings, we micro-fractionated cultured hippocampal slices ( Figure 1C ). Western blots showed that Ras, Rap1, and Rap2 were present in endoplasmic reticulum, lipid raft, bulk membrane, lysosome, and Golgi complex fractions ( Figures 1D and 1E) , as validated by the specific domain markers ( Figure S1 ). Next we acutely overexpressed M1-, LCK-, CD8-, LAMP1-, or KDELr-Ras-YFP in cultured rat hippocampal slices for $16 hr using the established Sindbis viral expression system ( Figure 1C ; see Lim et al., 2014, and Wang et al., 2015a , for the methods) and then micro-fractionated the endoplasmic reticulum, lipid rafts, bulk membrane, lysosomes, and Golgi complex from the tissues. Western blot analysis verified that M1-, LCK-, CD8-, LAMP1-, and KDELr-Ras-YFP were predominantly expressed in the endoplasmic reticulum, lipid rafts, bulk membrane, lysosomes, and Golgi complex, respectively (Figures 1F and 1G) . Together, these results indicate that M1, LCK, CD8, LAMP1, and KDELr signal sequences are effective in targeting Ras expression in five distinct subcellular domains.
Ras and Rap Signal Synaptic Transmission in Separate Microdomains
To determine in which subcellular domain(s) Ras signals synaptic transmission, we first performed Sindbis viral expression of constitutively active (ca), dead (dd), and dominant-negative (dn) mutant forms of M1-Ras in CA1 pyramidal neurons in cultured rat hippocampal slices for $10 hr (Figure 2A) . To identify the expression of different Ras mutant constructs, M1-Ras(ca), -Ras(dd), and -Ras(dn) were co-expressed with different fluorescence proteins using an internal ribosome entry site (IRES) sequence. Electrophysiological recordings were then obtained from nearby M1-Ras(ca)-IRES-GFP, M1-Ras(dd)-IRES-CFP, M1-Ras(dn)-IRES-red fluorescent protein (RFP) expressing (identified by green, cyan, or red fluorescence, respectively) and control non-expressing neuron quadruplets (Figure 2A , insets). Afferent fibers were stimulated, and AMPA-R-and N-methyl-D-aspartate (NMDA)-R-mediated excitatory postsynaptic currents were recorded. Neurons expressing M1-Ras(ca)-IRES-GFP had enhanced AMPA responses, whereas neurons expressing M1-Ras(dd)-IRES-CFP or M1-Ras(dominant-negative)-IRES-RFP had the same AMPA responses compared with nearby control non-expressing (D) Blots of endogenous Ras, Rap2, and Rap1 in the endoplasmic reticulum, lipid rafts, bulk membrane, lysosomes and Golgi complex fractionated from cultured rat hippocampal slices. (E) Relative levels of Ras, Rap2, and Rap1 in all microdomains. See Table S1 for values. (F) Blots of recombined Ras-YFP in the endoplasmic reticulum, lipid rafts, bulk membrane, lysosomes, and Golgi complex fractionated from cultured rat hippocampal slices after 16-18 hr expression of M1-, LCK-, CD8-, LAMP1-, and KDELr-Ras-YFP. (G) Relative levels of Ras-YFP and Rap2 in all microdomains in tissues expressing M1-, LCK, CD8-, LAMP1-, and KDELr-Ras-YFP. See Table S1 for values. Table S2 ). There was no difference in NMDA responses between M1-Ras(ca)-IRES-GFP-, M1-Ras(dd)-IRES-CFP-, and M1-Ras(dn)-IRES-RFP-expressing and non-expressing neurons (Figures 2B and 2C ; Table  S2 ). These results indicate that constitutively active Ras signaling in the endoplasmic reticulum potentiates AMPA transmission.
We then acutely overexpressed mutant forms of LCK-Ras in CA1 neurons in cultured slices for $10 hr. Neurons expressing LCK-Ras(ca)-IRES-GFP had enhanced AMPA responses, whereas neurons expressing LCK-Ras(dn)-IRES-RFP had reduced AMPA responses compared with nearby control non-expressing neurons ( Figures 2B and 2D ). Neurons expressing LCK-Ras(dd)-IRES-CFP had the same AMPA responses compared with nearby control non-expressing neurons (Figures 2B and 2D; Table S2 ). In addition, there was no difference in NMDA responses between expressing and control non-expressing neurons (Figures 2B and 2D ; Table S2 ). These results suggest that constitutively active Ras signaling in lipid rafts potentiates AMPA transmission and that endogenous Ras activity in lipid rafts contributes to tonic potentiation of AMPA transmission.
Similarly, we acutely overexpressed mutant forms of CD8-, LAMP1-, and KDELr-Ras in CA1 neurons in cultured slices for $10 hr. Neurons expressing CD8-, LAMP1-, and KDELrRas(ca)-IRES-GFP; CD8-, LAMP1-, and KDELr-Ras(dd)-IRES-CFP; and CD8-, LAMP1-, and KDELr-Ras(dn)-IRES-RFP all had the same AMPA and NMDA responses compared with nearby control non-expressing neurons (Figures 2E-2G ; Table  S2 ). Collectively, these results suggest that constitutively active Ras signaling in both the endoplasmic reticulum and lipid rafts potentiates AMPA transmission, although only endogenous Ras activity in the lipid rafts tonically potentiates AMPA transmission.
Using the same approach, we examined subcellular domain(s) in which Rap2 may signal synaptic transmission by acutely overexpressing mutant forms of M1-, LCK-, CD8-, LAMP1-, and KDELr-Rap2 in CA1 neurons in cultured rat hippocampal slices for $10 hr ( Figure 3A ). Neurons expressing CD8-Rap2(ca)-IRES-GFP had reduced AMPA responses, and neurons expressing CD8-Rap2(dd)-IRES-CFP had the same AMPA responses, whereas neurons expressing CD8-Rap2(dn)-IRES-RFP had enhanced AMPA responses compared with nearby control non-expressing neurons (Figures 3B and 3E ; Table S3 ). Neurons expressing M1-, LCK-, LAMP1-, and KDELr-Rap2(ca)-IRES-GFP; M1-, LCK-, LAMP1-, and KDELr-Rap2(dd)-IRES-CFP; and M1-, LCK-, LAMP1-, and KDELr-Rap2(dn)-IRES-RFP all had the same AMPA and NMDA responses compared with nearby control non-expressing neurons ( Figures 3C, 3D , 3F, and 3G; Table S3 ). Together, these results suggest that constitutively active Rap2 signaling in the bulk membrane depresses AMPA transmission, whereas endogenous Rap2 activity in the bulk membrane contributes to tonic depression of AMPA transmission.
We next investigated subcellular domain(s) in which Rap1 may signal synaptic transmission by acutely overexpressing mutant forms of M1-, LCK-, CD8-, LAMP1-, and KDELr-Rap1 in CA1 neurons in cultured rat hippocampal slices for $10 hr ( Figure 4A ). In these experiments, neurons expressing LAMP1-Rap1(ca)-IRES-GFP had reduced AMPA responses, and neurons expressing LAMP1-Rap1(dd)-IRES-CFP had the same AMPA responses, whereas neurons expressing LAMP1-Rap1(dn)-IRES-RFP had enhanced AMPA responses compared with nearby control non-expressing neurons (Figures 4B and 4F ; Table S4 ). Neurons expressing M1-, LCK-, CD8-, and KDELrRap1(ca)-IRES-GFP; M1-, LCK-, CD8-, and KDELr-Rap1(dn)-IRES-CFP; and M1-, LCK-, CD8-, and KDELr-all had the same AMPA and NMDA responses compared with nearby control non-expressing neurons (Figures 3G and 4C-4E; Table S4 ). Collectively, these results suggest that constitutively active Rap1 signaling in the lysosome depresses AMPA transmission, whereas endogenous Rap1 activity in the lysosome contributes to tonic depression of AMPA transmission.
We noted that neurons expressing CD8-and LAMP1-Ras(ca)-IRES-GFP had somewhat decreased AMPA responses, whereas neurons expressing CD8-and LAMP1-Ras(dn)-IRES-RFP had slightly increased AMPA responses, although the changes were insignificant (Figure 2E and 2F) . Because Ras shares a high degree (more than $50%) of sequence and structure homology with Rap proteins (Bos et al., 2001) , we speculated that the small changes in AMPA responses resulted from the less effective Ras mutants on Rap signaling in the bulk membrane and lysosome microdomains. To test this idea, we increased the expression level of Ras mutants by overexpressing CD8-Ras(ca)-IRES-CFP, LAMP1-Ras(ca)-IRES-GFP, CD8-Ras(dn)-IRES-orange fluorescent protein (OFP), and LAMP1-Ras(dn)-IRES-RFP in CA1 pyramidal neurons in cultured rat hippocampal slices for a longer time, $16 hr ( Figure S2A ), and then compared the evoked synaptic responses in nearby expressing and control non-expressing neuron quintuplets (Figure S2A, insets) . After 16-hr expression, neurons expressing CD8-Ras(ca)-IRES-CFP and LAMP1-Ras(ca)-IRES-GFP had significantly reduced AMPA responses, whereas neurons expressing CD8-Ras(dn)-IRES-OFP and LAMP1-Ras(dn)-IRES-RFP had significantly enhanced AMPA responses compared with nearby control non-expressing neurons (Figures S2B and S2C; Table S5 ). NMDA responses in expressing and non-expressing neurons were the same (Figures S2B and S2C; Table  S5 ). These results indicate that, with sufficient overexpression, the target-delivered constitutively active Ras can stimulate and dominant-negative Ras can suppress Rap signaling in the bulk membrane and lysosomes.
In contrast, neurons expressing M1-and LCK-Rap2(ca)-IRES-GFP had somewhat increased AMPA responses, whereas neurons expressing LCK-Rap2(dn)-IRES-RFP had slightly decreased AMPA responses ( Figures 3C and 3D ). We verified the idea that targeted delivery of Rap2 mutants may interfere with Ras signaling in the endoplasmic reticulum and lipid rafts by overexpressing M1-Rap2(ca)-IRES-CFP, LCK-Rap2(ca)-IRES-GFP, M1-Rap2(dn)-IRES-OFP, and LCK-Rap2(dn)-IRES-RFP in cultured rat hippocampal slices for $16 hr and comparing the evoked synaptic responses in nearby expressing and control non-expressing CA1 pyramidal neuron quintuplets ( Figure S3A ). After 16-hr expression, neurons expressing M1-Rap2(ca)-IRES-CFP and LCK-Rap2(ca)-IRES-GFP had significantly enhanced AMPA responses, whereas neurons expressing M1-Rap2(dn)-IRES-OFP has the same and neurons expressing Table S5 ). NMDA responses in expressing and non-expressing neurons were the same (Figures S3B  and S3C ; Table S5 ). These results indicate that, with sufficient overexpression, the target-delivered constitutively active Rap2 can stimulate Ras signaling in the endoplasmic reticulum and lipid rafts, and dominant-negative Rap2 can suppress Ras signaling in lipid rafts.
Likewise, neurons expressing M1-and LCK-Rap1(ca)-IRES-GFP had somewhat increased AMPA responses, whereas neurons expressing LCK-Rap1(dn)-IRES-RFP had slightly decreased AMPA responses ( Figures 4C and 4D) . We validated the notion that targeted delivery of Rap1 may interfere with Ras signaling in the endoplasmic reticulum and lipid rafts by overexpressing M1-Rap1(ca)-IRES-CFP, LCK-Rap1(ca)-IRES-GFP, M1-Rap1(dn)-IRES-OFP, and LCK-Rap1(dn)-IRES-RFP in cultured rat hippocampal slices for $16 hr and comparing the evoked synaptic responses in nearby expressing and control non-expressing CA1 pyramidal neuron quintuplets ( Figure S3A ). After 16-hr expression, neurons expressing M1-Rap1(ca)-IRES-CFP and LCK-Rap1(ca)-IRES-GFP had significantly enhanced AMPA responses, whereas neurons expressing M1-Rap1 (dn)-IRES-OFP had the same and neurons expressing LCKRap1(dn)-IRES-RFP had significantly reduced AMPA responses compared with nearby control non-expressing neurons (Figures S3D and S3E; Table S5 ). NMDA responses in expressing and non-expressing neurons were the same (Figures S3D and S3E ; Table S5 ). These results indicate that, with sufficient overexpression, the target-delivered constitutively active Rap1 can stimulate Ras signaling in the endoplasmic reticulum and lipid rafts, and dominant-negative Rap1 can suppress Ras signaling in lipid rafts.
Microdomain-Specific Ras and Rap Signaling Control Transmission via Different Pathways
Activation of Ras-ERK signaling is required to potentiate GluA2L-mediated AMPA transmission, whereas activation of both Ras-ERK and Ras-PI3K signaling is required to potentiate GluA1-mediated AMPA transmission, although, in the cultured hippocampal slices, spontaneous activity is only sufficient to stimulate Ras-ERK signaling but not Ras-PI3K signaling (Kolleker et al., 2003; Qin et al., 2005; Zhu et al., 2002) . Thus, our results showing that stimulating Ras in the endoplasmic reticulum and lipid rafts potentiates AMPA transmission whereas blocking Ras in lipid rafts but not in the endoplasmic reticulum suppresses AMPA transmission are suggestive of the existence of a Ras-PI3K signaling complex in the endoplasmic reticulum and a Ras-ERK signaling complex in lipid rafts. To directly examine this possibility, we first performed pharmacology experiments ( Figure 5A ). Including LY294002, an inhibitor of PI3K, in culture medium blocked the potentiation of AMPA transmission in M1-Ras(ca)-IRES-GFP-expressing neurons but had no effect on potentiation of AMPA transmission in LCK-Ras(ca)-IRES-RFP-expressing neurons, normal AMPA transmission in M1-Ras(dn)-IRES-GFP-expressing neurons, and depression of AMPA transmission in LCK-Ras(dn)-IRES-RFP-expressing neurons. Conversely, including PD98059, an inhibitor of the ERK activator mitogen-activated protein kinase kinase (MEK), in culture medium blocked the potentiation of AMPA transmissions in M1-Ras(ca)-IRES-GFP-and LCKRas(ca)-IRES-RFP-expressing neurons and occluded depression of AMPA transmission in LCK-Ras(dn)-IRES-RFP-stimulated neurons but had no effect on normal AMPA transmission in M1-Ras(dn)-IRES-GFP-expressing neurons (Figures 5B-5F ; Table S6 ). To confirm the idea, we examined synaptic transmission in cultured slices prepared from GluA1 and GluA2 knockout and GluA1(S831A/S845A) transgenic mice. We found that M1-Ras(ca)-IRES-GFP-but not LCK-Ras(ca)-IRES-RFP-stimulated potentiation of AMPA transmission was barred in GluA1 knockout CA1 neurons as well as in GluA1(S831A/S845A) transgenic CA1 neurons (Figures 5G-5I; Table S7 ), in which GluA1 phosphorylation and GluA1-mediated synaptic potentiation are impaired (Lee et al., 2003) . In contrast, LCK-Ras(ca)-IRES-GFP-but not M1-Ras(ca)-IRES-RFP-stimulated potentiation of AMPA transmission was barred in GluA2 knockout CA1 neurons (Figures 5G and 5J ; Table S7 ). Consistently, GluA1 knockout had no effect on normal AMPA transmission in M1-Ras(dn)-IRES-GFP-expressing neurons and depression of AMPA transmission in LCK-Ras(dn)-IRES-RFP-expressing neurons, whereas GluA2 knockout had no effect on normal AMPA transmission in M1-Ras(dn)-IRES-GFP-expressing neurons but prevented depression of AMPA transmission in LCK-Ras(dn)-IRES-RFPexpressing neurons (Figures 5K and 5L ; Table S7 ). Together, these results suggest that Ras controls PI3K signaling in the endoplasmic reticulum and ERK signaling in lipid rafts.
To verify that Ras signals the PI3K pathway in the endoplasmic reticulum, we performed subcellular domain-specific expression of dominant-negative phosphatase and tensin homolog (PTEN), PTEN(dn) (Figure S4A ), which stimulates PI3K signaling (Hu et al., 2008) . Specifically, we overexpressed M1-, LCK-, CD8-, and LAMP1-PTEN(dn) in CA1 neurons in cultured rat slices for $10 hr. We found that neurons expressing M1-PTEN(dn)-IRES-GFP had increased AMPA responses, whereas neurons expressing LCK-, CD8-, and LAMP1-PTEN(dn)-IRES-GFP had the same AMPA responses compared with nearby control nonexpressing neurons ( Figure S4B ; Table S8 ). Similarly, to confirm that Ras signals the ERK pathway in lipid rafts, we acutely overexpressed M1-, LCK-, CD8-, and LAMP1-MEK(dn)-IRES-GFP in CA1 neurons in cultured rat slices for $10 hr for subcellular domain-specific suppression of MEK-ERK signaling (Figure S4A) . Neurons expressing LCK-MEK(dn)-IRES-GFP had decreased AMPA responses, whereas neurons expressing M1-, CD8-, and LAMP1-MEK(dn)-IRES-GFP had the same AMPA responses compared with nearby control non-expressing neurons ( Figure S4C ; Table S8 ). Collectively, these results consistently support the idea that Ras signals via the PI3K pathway in the endoplasmic reticulum and the ERK pathway in lipid rafts.
While Rap2 signals via JNK to depotentiate GluA1-and GluA2L-mediated AMPA transmission, Rap1 signals via p38MAPK to depress GluA2-mediated AMPA transmission (Kielland et al., 2009; Myers et al., 2012; Sheng et al., 2016; Zhu et al., 2005) . Thus, our results showing that activating and blocking Rap2 activity in the bulk membrane suppresses and potentiates AMPA transmission, respectively, are indicative of the existence of a Rap2-JNK signaling complex in the bulk membrane. Similarly, our results showing that activating and blocking Rap1 in the lysosome suppresses and potentiates AMPA transmission, respectively, are indicative of the existence of a Rap1-p38MAPK signaling complex in the lysosome. We evaluated these deductions with pharmacology experiments, GluA1 and GluA2 knockout mice, and GluA2(K882A) transgenic mice (Figures 6B-6F; Table S6 ). Including SP600125, an inhibitor of JNK, in the culture medium blocked the depression of AMPA transmission in CD8-Rap2(ca)-IRES-GFP-expressing neurons and occluded the potentiation of AMPA transmission in CD8-Rap2(dn)-IRES-GFPexpressing neurons but had no effect on the depression of AMPA transmission in LAMP1-Rap1(ca)-IRES-RFP-expressing neurons and the potentiation of AMPA transmission in LAMP1-Rap1(dn)-IRES-RFP-expressing neurons. In contrast, including SB203580, an inhibitor of p38MAPK, in the culture medium blocked the depression of AMPA transmission in LAMP1-Rap1(ca)-IRES-RFP-expressing neurons and occluded the potentiation of AMPA transmission in LAMP1-Rap1(dn)-IRES-RFP-expressing neurons but had no effect on the depression of AMPA transmission in CD8-Rap2(ca)-IRES-GFP-expressing neurons and the potentiation of AMPA transmission in CD8-Rap2(dn)-IRES-GFP-expressing neurons. Moreover, CD8-Rap2(ca)-IRES-GFP-and LAMP1-Rap1(ca)-IRES-RFP-stimulated depression of AMPA transmission and CD8-Rap2(dn)-IRES-GFP-and LAMP1-Rap1(dn)-IRES-RFP-stimulated potentiation of AMPA transmission were preserved in GluA1 knockout CA1 neurons, but all were prevented in GluA2 knockout CA1 neurons (Figures  6G-6L ; Table S9 ). Finally, LAMP1-Rap1(ca)-IRES-GFP-but not CD8-Rap2(ca)-IRES-GFP-stimulated depression of AMPA transmission was prevented in GluA2(K882A) transgenic CA1 neurons (Figures 6G and 6J ; Table S9 ), in which GluA2-mediated synaptic depression is impaired (Steinberg et al., 2006) . Together, these results suggest that Rap2 controls JNK signaling in the bulk membrane, and Rap1 controls p38MAPK signaling in the lysosome.
To verify that Rap2 signals the JNK pathway in the bulk membrane, we acutely overexpressed M1-, LCK-, CD8-, and LAMP1-TNIK(dn)-IRES-GFP in CA1 neurons in cultured rat slices for $10 hr for subcellular domain-specific suppression of TNIK signaling ( Figure S4A ), which relays Rap2 signaling to JNK . Neurons expressing CD8-TNIK(dn)-IRES-GFP had increased AMPA responses, whereas neurons expressing M1-, LCK-, and LAMP1-TNIK(dn)-IRES-GFP had the same AMPA responses compared with nearby control non-expressing neurons ( Figure S4D ; Table S8 ). Similarly, to confirm that Rap1 signals the p38MAPK pathway in the lysosome, we acutely overexpressed M1-, LCK-, CD8-, and LAMP1-p38MAPK(dn)-IRES-GFP in CA1 neurons in cultured rat slices for $10 hr for subcellular domain-specific suppression of p38MAPK signaling (Figure S4A) . Neurons expressing LAMP1-p38MAPK(dn)-IRES-GFP had increased AMPA responses, whereas neurons expressing M1-, LCK-and CD8-p38MAPK(dn)-IRES-GFP had the same AMPA responses compared with nearby control non-expressing neurons ( Figure S4E ; Table S8 ). Collectively, these results consistently support the notion that Rap2 signals the JNK pathway in the bulk membrane, and Rap1 signals the p38MAPK pathway in the lysosome.
Because LTP depends on Ras-ERK (required by both GluA2L-and GluA1-mediated LTP) and Ras-PI3K (required by GluA1-mediated LTP) signaling, depotentiation depends on Rap2-JNK signaling, and LTD depends on Rap1-p38MAPK signaling (Kielland et al., 2009; Kolleker et al., 2003; Qin et al., 2005; Zhu et al., 2002 Zhu et al., , 2005 , we investigated whether blocking subcellular microdomain-specific Ras/Rap signaling selectively affects LTP, depotentiation, and LTD by overexpressing M1-Ras(dn)-, LCKRas(dn)-, CD8-Rap2(dn)-, and LAMP1-Rap1(dn)-IRES-GFP in CA1 neurons in cultured rat slices for $10 hr ( Figure 7A ). Subsequent examination of LTP revealed that M1-Ras(dn)-IRES-GFP-expressing neurons had reduced LTP (by $50%), LCK-Ras(dn)-IRES-GFP-expressing neurons had abolished LTP, and CD8-Rap2(dn)-and LAMP1-Rap1(dn)-IRES-GFP-expressing neurons had the same LTP compared with nearby control non-expressing neurons (Figures 7B-7E ; Table S10 ). Depotentiating the newly formed LTP in the same neurons showed that M1-Ras(dn)-IRES-GFP-expressing neurons had reduced depotentiation (by $50%), CD8-Rap2(dn)-IRES-GFP-expressing neurons had no depotentiation, and LAMP1-Rap1(dn)-IRES-GFP-expressing neurons had the same depotentiation compared with nearby control non-expressing neurons ( Figures  7B-7E ; Table S10 ). LTD experiments showed that M1-Ras(dn)-, LCK-Ras(dn)-, and CD8-Rap2(dn)-IRES-GFP-expressing neurons had the same LTD, whereas LAMP1-Rap1(dn)-IRES-GFPexpressing neurons had eliminated LTD compared with nearby control non-expressing neurons (Figures 7F-7I ; Table S10 ). These results suggest that the endoplasmic reticulum-and lipid raft-specific Ras signals LTP, the bulk membrane-specific Rap2 signals depotentiation, and the lysosome-specific Rap1 signals LTD.
Endogenous Ras and Rap Signal Synaptic Transmission in Distinct Microdomains In Vivo
To determine whether endogenous Ras signals transmission in the endoplasmic reticulum and lipid rafts in intact brains, we (H-J) AMPA and NMDA responses in CD8-Rap2(ca)-and LAMP1-Rap1(ca)-expressing neurons relative to non-expressing CA1 cells in cultured slices prepared from GluA1 knockout (H), GluA2 knockout (I), and GluA2(K882A) transgenic (J) mice. See Table S9 for virally expressed M1-Ras(dn)-IRES-GFP and LCK-Ras(dn)-IRES-RFP in the hippocampal CA1 regions of intact rats. After 10 hr of in vivo expression, we made simultaneous recordings from M1-Ras(dn)-IRES-GFP-and LCK-Ras(dn)-IRES-RFP-expressing and nearby control non-expressing CA1 pyramidal neuron triplets in acutely prepared hippocampal slices (Figure 8A) . Neurons expressing M1-Ras(dn)-IRES-GFP and LCKRas(dn)-IRES-RFP had reduced AMPA responses compared with non-expressing neurons (Figures 8B and 8C ; Table S11), suggesting that the endogenous endoplasmic reticulum and lipid raft Ras activity tonically potentiate AMPA transmission. To examine whether the potentiation depends on activity, we infused tetrodotoxin (TTX) with viral solutions during expression ( Figure 8A ), which blocks local neuronal activity during expression (McCormack et al., 2006) . Hippocampal infusion of TTX blocked M1-Ras(dn)-IRES-GFP-and LCK-Ras(dn)-IRES-RFPmediated suppression of AMPA responses (Figures 8B and 8D ; Table S11 ). As expected, neurons expressing M1-Ras(ca)-IRES-GFP and LCK-Ras(ca)-IRES-RFP had enhanced AMPA responses compared with non-expressing neurons ( Figure 8E ; Table S11 ). Together, these results suggest that endogenous Ras signaling in the endoplasmic reticulum and lipid rafts potentiates synaptic AMPA transmission in an activity-dependent manner in intact brains.
We next investigated endogenous Rap signaling in the bulk membrane and lysosomes in intact brains by virally expressing CD8-Rap2(dn)-IRES-GFP and LAMP1-Rap1(dn)-IRES-RFP in the hippocampal CA1 regions of intact rats. After 10 hr of Table S11 for values.
(legend continued on next page)
in vivo expression, we made simultaneous recordings from CD8-Rap2(dn)-IRES-GFP-and LAMP1-Rap1(dn)-IRES-RFP-expressing and nearby control non-expressing CA1 pyramidal neuron triplets in acutely prepared hippocampal slices (Figure 8A) . Neurons expressing CD8-Rap2(dn)-IRES-GFP and LAMP1-Rap1(dn)-IRES-RFP had enhanced AMPA responses compared with non-expressing neurons (Figures 8F and 8G ; Table S11 ), suggesting that endogenous Rap2 signaling in the bulk membrane and endogenous Rap1 signaling in the lysosome tonically depress AMPA transmission. Hippocampal infusion of TTX blocked CD8-Rap2(dn)-IRES-GFP-and LAMP1-Rap1(dn)-IRES-RFP-mediated potentiation of AMPA responses ( Figures  8F and 8H ; Table S11 ). As expected, neurons expressing CD8-Rap2(ca)-IRES-GFP and LAMP1-Rap1(ca)-IRES-RFP had depressed AMPA responses compared with non-expressing neurons ( Figure 8I ; Table S11 ). Collectively, these results suggest that endogenous Rap2 signaling in the bulk membrane and endogenous Rap1 signaling in the lysosome depress synaptic AMPA transmission in an activity-dependent manner in intact brains.
DISCUSSION
In this study, we have created and validated a targeted delivery method that permits selective expression of Ras and Rap proteins into distinct subcellular microdomains. Using this method, we reveal that endogenous Ras preferentially signals synaptic potentiation via the endoplasmic reticulum PI3K and lipid raft ERK pathways, whereas endogenous Rap2 and Rap1 predominantly signal synaptic depression via the bulk membrane JNK and lysosome p38MAPK pathways, respectively ( Figure 8J ).
Microdomain-Dependent Signal Diversity and Specificity
We show here that Ras, Rap2, and Rap1 utilize the different subcellular microdomains to signal multiple different forms of synaptic plasticity ( Figure 8J ). Signaling molecules generate a plethora of specific cellular outputs, even though many of them have a high degree of sequence and structural identity in functional domains (Gloerich and Bos, 2011; Simanshu et al., 2017) . How the signal diversity and specificity are achieved is a long-standing cell biology question. To determine whether Ras and Rap utilize microdomain-specific signaling to create signal diversity and specificity to control synaptic plasticity, we first adapted or engineered multiple domain-targeting sequences, including M1-, LCK-, CD8-, LAMP1-, and KDELr-targeting sequences, to drive expression of recombinant proteins predominantly into the desired subcellular domains. We verified the delivery specificity with microdomain-specific markers and western blotting after micro-fractionation. Importantly, electrophysiology and pharmacology experiments in wild-type, knockout, and/or transgenic animals showed no effect on synaptic responses resulting from any potential non-specific expression in undesired microdomains, suggesting no significant non-specific expression in undesired microdomains. Moreover, expression of Ras and Rap in their preferred as well as in all non-preferred signaling microdomains for 10 ± 2 hr and 16 ± 2 hr resulted in similar changes in synaptic responses that were suggestive of approximately equivalent levels of construct expression in these microdomains (cf. Zhu et al., 2002 Zhu et al., , 2005 . Finally, expression of Ras and Rap dead mutants with these five targeting sequences had no effect on synaptic transmission. Collectively, these results validate the method as an effective approach to deliver recombinant proteins into multiple distinct subcellular microdomains.
Using the microdomain-specific delivery method, we systematically interrogated endogenous Ras and Rap signaling in the endoplasmic reticulum, lipid rafts, bulk membrane, lysosomes, and Golgi complex. Although endogenous Ras and Rap are present in all five microdomains, Ras and Rap only use endoplasmic reticulum-, lipid raft-, bulk membrane-, and lysosomespecific signaling to achieve their respective physiological functions at synapses. For example, targeting Ras into the endoplasmic reticulum and lipid raft microdomains results in independent PI3K and ERK signal transduction that controls synaptic potentiation during LTP, whereas targeting Rap2 and Rap1 (which share $70% homology) into the bulk membrane and lysosome microdomains initiates the specific JNK and p38MAPK signaling cascades that control synaptic depression during depotentiation and LTD, respectively. Therefore, confining endogenous, homologous Ras and Rap within distinct microdomains, as seen here in CA1 neurons, diversifies signaling responses. Moreover, forcing Ras into the functional Rap microdomains and forcing Rap into in the functional Ras microdomains induces non-specific signaling responses, underscoring the importance of restraining Ras and Rap within the correct microdomains in maintaining synaptic signal specificity. Together, our data provide the first evidence indicating that the microdomain-specific Ras and Rap signaling mechanisms play key roles in diversifying and specifying signals at single synapses.
Microdomain-Specific Signaling in the Regulation of Synaptic Plasticity
Unveiling microdomain-specific Ras and Rap signaling at synapses is central to the effort of deciphering the entire nanoscale molecular regulatory machinery governing synaptic plasticity, crucial for understanding the molecular and cellular basis of behavior as well as a number of mental, neurological, and psychiatric disorders (Costa and Silva, 2003; Henley and Wilkinson, 2016; Huganir and Nicoll, 2013; Nishiyama and Yasuda, 2015; Roth et al., 2017; Stornetta and Zhu, 2011) . It is established that activity-dependent exocytosis and endocytosis bring AMPA-Rs into and out of the cell plasma membrane to regulate transmission (Lledo et al., 1998; L€ uscher et al., 1999) . In particular, synaptic activity drives exocytosis of AMPA-Rs during LTP, with the majority of AMPA-Rs being inserted into the extrasynaptic membrane first and then being trapped in synapses by activity (Ehlers et al., 2007; Esteves da Silva et al., 2015; Kennedy et al., 2010; Makino and Malinow, 2009; Patterson et al., 2010; Penn et al., 2017; Zhang et al., 2015) . The existing evidence also supports the idea that some AMPA-Rs may be directly inserted into synapses via exocytosis (Esteves da Silva et al., 2015; Kennedy et al., 2010; Patterson et al., 2010; Penn et al., 2017) . Here we show that Ras-PI3K signaling in the endoplasmic reticulum potentiates transmission when activated together with Ras-ERK signaling in lipid rafts, whereas Ras-ERK signaling in lipid rafts alone is sufficient to potentiate transmission, shedding light on the subcellular signaling mechanisms that control trafficking events. Synaptic activity activates Ras-ERK signaling, which stimulates phosphorylation of GluA1 at S845, GluA4 at S842, and GluA2L at S841, and this single phosphorylation is sufficient to drive synaptic delivery of GluA2L-and GluA4-but not GluA1-containing AMPA-Rs (Hu et al., 2008; Kolleker et al., 2003; Qin et al., 2005) . On the other hand, strong synaptic activity, experience-dependent activity, and/or the presence of neuromodulatory factors stimulate additional Ras signaling and activate Ras-PI3K signaling, which stimulates phosphorylation of GluA1 at S831, and this phosphorylation, together with the phosphorylation of GluA1 at S845, is required for driving GluA1-containing AMPA-Rs into synapses (Hu et al., 2008; Kolleker et al., 2003; Lim et al., 2014; Qin et al., 2005) . Thus, it is tempting to speculate that Ras-PI3K signaling at the endoplasmic reticulum (or spine apparatus) may lead to phosphorylation of intracellular GluA1 at S831 and drive exocytosis of GluA1-containing AMPA-Rs at the extrasynaptic membrane ( Figure 8J ) and that, at the membrane surface, the single-site phosphorylated GluA1-containing AMPA-Rs remain to be highly mobile (cf. Ehlers et al., 2007) . Synaptic activity-stimulated Ras-ERK signaling at lipid rafts may further phosphorylate GluA1 at S845, which can reduce AMPA-R mobility and restrict them locally at synapses. Indeed, our pilot immunoelectron microscopic analysis of subcellular locations of phosphorylated GluA1 at synapses supports this notion ( Figure S5 ; unpublished data). It is likely that lipid raft Ras-ERK signaling may also entrap GluA2L-and GluA4-containing AMPA-Rs into synapses by phosphorylation via the lateral trafficking and/or direct exocytosis routes.
We here report that Rap2-JNK signaling in the bulk membrane depotentiates transmission whereas Rap1-p38MAPAK signaling in the lysosome depresses transmission, inspiring a few new thoughts of how synaptic signaling regulates AMPA-R trafficking during depressions. Rap2-JNK signaling stimulates dephosphorylation and synaptic removal of GluA1-, GluA2L-, and GluA4-containing AMPA-Rs during depotentiation (Kielland et al., 2009; Myers et al., 2012; Sheng et al., 2016; Zhu et al., 2005) . Therefore, we envisage that depotentiating activity-stimulated Ras-JNK signaling at the bulk membrane might induce dephosphorylation of GluA1, GluA2L, and GluA4 in lipid raft islands surrounded by the bulk membrane to enhance their mobility to escape from synapses ( Figure 8J ). Undepotentiated GluA1-, GluA2L-, and GluA4-containing AMPA-Rs will eventually be exchanged with GluR2/3 AMPA-Rs via an activity-independent process at a slow rate time constant of $16 hr (Adesnik et al., 2005; Kolleker et al., 2003; McCormack et al., 2006; Zhu, 2009; Zhu et al., 2000) . GluA2/3 AMPA-Rs, on the other hand, continuously cycle between synaptic and non-synaptic sites in an activity-independent manner at a fast rate time constant of $20 min (Lee et al., 2002; L€ uscher et al., 1999; Nishimune et al., 1998; Osten et al., 1998; Song et al., 1998) . Therefore, we imagine that the cycling could give the synaptic activity-stimulated Rap1-p38MAPK signaling at lysosomes/late endosomes an opportunity to phosphorylate GluA2/3 AMPA-Rs during LTD ( Figure 8J ; Kielland et al., 2009; Zhu et al., 2002) . Phosphorylation of GluA2 at S880 disrupts its interaction with glutamate receptor-interacting protein/AMPAbinding protein (GRIP/ABP) and favors its binding with protein kinase C (PKC)-interacting protein 1 (PICK1) (Chung et al., 2000; Matsuda et al., 2000; Perez et al., 2001) , which reduces the recycling of GluA2/3 AMPA-Rs and depresses synaptic transmission (Braithwaite et al., 2002; Daw et al., 2000; Lin and Huganir, 2007; Seidenman et al., 2003; Zhou et al., 2018) . As with LTP, it remains debatable whether synaptic AMPA-Rs are removed via direct endocytosis at synapses and/or through lateral diffusion followed by endocytosis at extrasynaptic sites during depotentiation and LTD (Ashby et al., 2004; Nadif Kasri et al., 2011; Tardin et al., 2003) . Combining the microdomain-specific signaling manipulation technique we report here with immunoelectron microscopy (Kielland et al., 2009; Rá cz et al., 2004) , two-photon fluorescence lifetime imaging (Nishiyama and Yasuda, 2015) , and super-resolution live-cell imaging (MacGillavry et al., 2013; Roth et al., 2017) of phosphorylation and trafficking of AMPA-Rs should allow direct visualization of many elusive nanoscale signaling and trafficking events at synapses during different forms of plasticity. We expect that these experiments will directly test the above hypotheses of signaling regulations of LTP, depotentiation, and LTD.
Understanding microdomain-specific signaling is essential for effective intervention of aberrant signaling-driven diseases (Ahearn et al., 2011; Simanshu et al., 2017) . Lack of knowledge of specificities of disease-involved signaling, which prevents identification of precise druggable targets, is the primary obstacle that hinders development of effective treatments for cancers and cognitive diseases. For example, although Ras and Rap are known to interact with a large number of effector proteins and control many signal responses, so far only a very few specific Ras and Rap signaling pathways have been identified to be responsible for particular tumors and cognitive disorders (Aoki et al., 2008; Lim et al., 2014 Lim et al., , 2017b . This study provides a precision regulation toolbox and an effective strategy that may inspire more systematic and high-throughput investigations of subcellular microdomain-specific signaling pathways, which should promote development of precision medications for treating a variety of diseases.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Electrophysiology
Multiple patch-clamp recordings were obtained simultaneously and/or sequentially from nearby infected and non-infected CA1 neuron doublets, triplets, quadruplets or quintuplets Wang et al., 2015b) , under visual guidance using fluorescence and transmitted light illumination, using up to five Axopatch-200B amplifiers (Molecular Devices, Sunnyvale, CA). The operation and analysis of multiple patch-clamp recordings (and imaging) were made with a single custom-written IGOR Pro 6 program (WaveMetrics, Lake Oswego, OR)-based software PEPOI . Bath solution (29 ± 1.5 C), unless otherwise stated, contained (in mM): NaCl 119, KCl 2.5, CaCl 2 4, MgCl 2 4, NaHCO 3 26, NaH 2 PO 4 1, glucose 11, picrotoxin (PTX) 0.1, bicuculline 0.01, and 2-chloroadenosine 0.002, at pH 7.4 and gassed with 5% CO 2 /95% O 2 . 2-chloroadenosine was included to prevent bursting. For acutely prepared slices, 2-mM CaCl 2 -and 1-mM MgCl 2 -containing bath solution was used instead and 2-chloroadenosine was excluded. For experiments in which slices were maintained in culture media with additional 10 mM LY294002 (Calbiochem, La Jolla, CA; A15147), 25 mM PD98059 (Calbiochem; A10705), 5 mM SP600125 (Calbiochem; A10860) and 2 mM SB203580 (Calbiochem; A10824), these inhibitors were included at the time of viral infection and removed during recordings. For some intact brain experiments, 100 mM TTX (Calbiochem; 554412) was infused together with viral solutions during the expression and TTX was removed during the recordings. Patch recording pipettes (3-6 MU) for current (voltage-clamp) recordings contained (in mM): cesium methanesulfonate 115, CsCl 20, HEPES 10, MgCl 2 2.5, Na 2 ATP 4, Na 3 GTP 0.4, sodium phosphocreatine 10, EGTA 0.6, and spermine 0.1, at pH 7.25. Synaptic responses were evoked by bipolar electrodes with single voltage pulses (200 ms, up to 20 V) placed in the stratum radiatum $300-500 mm from the CA1 cells. Synaptic AMPA and NMDA responses at À60 mV and +40 mV were averaged over 90 trials. To minimize the effect from AMPA responses, the peak NMDA responses at +40 mV were measured after digital subtraction of estimated AMPA responses at +40 mV. Synaptic plasticity experiments followed our previous reports (McCormack et al., 2006; Zhu et al., 2005) . Briefly, LTP was induced by a pairing protocol using 200 pulses at 2 Hz at À5 mV within 5 min after formation of whole-cell configuration. Depotentiation was induced by a pairing protocol using 300 pulses at 1 Hz at À45 mV $38 min after induction of LTP in the presence of SB203580, which blocks LTD. LTD was induced by pairing 300 pulses at 1 Hz at À45 mV 15 min after formation of whole-cell configuration. The cultured slices used for synaptic plasticity experiments were cultured in high Mg 2+ media during the expression to avoid change in the basal transmission (McCormack et al., 2006; Zhu et al., 2005) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical results were reported as mean ± s.e.m. Animals or cells were randomly assigned into control or experimental groups and investigators were blinded to experiment treatments in cultured slices and animals. Given the negative correlation between the variation and square root of sample number, n, the group sample size was typically set to be $16-36 to optimize the efficiency and power of statistical tests. All the sample numbers, including animals, cells and/or experimental replications, were summarized in the supplemental tables S1-11. Because the evoked synaptic responses depend on the arbitrarily applied stimulation intensity, the Wilcoxon non-parametric test, that is independent of means and requires no pre-assumption, was used to determine the statistical significance of the means (p < 0.05; two sides).
